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A B S T R A C T

The post-tensioned frame is one of the recently emerged structural systems for multi-story timber buildings.
It is characterized by a high level of prefabrication and quick erection on the construction site. The post-
tensioned frame developed at ETH Zurich is based on post-tensioned beam–column connections with hardwood
reinforcement of the column in the connection region and column base connections with glued-in steel rods.
Such a construction system is suitable for low- and mid-rise buildings that are located in regions characterized
by low to moderate seismicity.

This paper presents a series of hybrid simulations of the response of a two-story two-bay post-tensioned
timber frame subjected to ground motion excitation. Nonlinear numerical models of both beam–column and
column base connections to be used for design purposes are validated based on the experiments.
. Introduction

ackground and motivation. Post-tensioned timber frame is a promising
onstruction technology for low- and mid-rise buildings. The moment-
esisting beam–column connection is obtained by connecting the beams
nd the columns with unbonded post-tensioning cables. The connec-
ion system was developed as one of the solutions to connect precast
oncrete elements and has been used in housing construction since the
950s [1]. One of the first precast post-tensioned building construction
ystems was developed in the 1960s by IMS in Yugoslavia [2]. In
he early 1990s, a large campaign focusing on seismic design and
erformance of precast concrete structural systems started in the United
tates, and Japan [3]. Different ductile connection systems for precast
tructures were studied [4]. One particularly promising connection
ystem developed was the beam–column connection with unbonded
endons and mild steel reinforcement debonded over a short length
o provide ductile behavior with energy dissipation without perma-
ent damage. This low damage connection proved to be an attractive
olution in regions of high seismicity. Therefore similar connections
ere developed with different materials, e.g., for steel and timber

tructures [5,6]. For all materials, the benefits of the system reflect in
he self-centering behavior of the post-tensioned connection, accompa-
ied by the significant energy dissipation provided by the mild steel
lements.

∗ Corresponding author.
E-mail address: abbiati@cae.au.dk (G. Abbiati).

Post-tensioned timber was developed in the late 2000s at the Uni-
versity of Canterbury, New Zealand. The hybrid connection with post-
tensioning and energy dissipation through the yielding of mild steel
was implemented for a beam–column connection, as a part of a timber
frame, and at the base of the wall elements. Different types of timber
products were employed, including laminated veneer lumber (LVL) and
glued laminated timber (glulam) [7–9]. Extensive experimental and
numerical investigations centered in New Zealand showed the good
seismic performance of such solution [10,11]. A refined finite-element
analysis of the same post-tensioned timber beam–column connection,
which is meant to unfold the effects of material and contact non-
linearities, is presented in [12]. A series of shaking table tests of a
three-story post-tensioned timber frame conducted at the University
of Basilicata, Italy, demonstrated excellent seismic performance with
low damage after strong seismic events. The findings of both exper-
imental and numerical investigations are reported in [13–15]. The
seismic performance of a variant of the same timber frame provided
with a dissipative bracing system was also investigated jointly by the
University of Canterbury and the University of Basilicata [16,17].

Apart from the good seismic performance, post-tensioned timber is
characterized by a high degree of prefabrication and low weight of
the elements, which allow for the quick erection on the construction
site and improve the cost competitiveness of the system [18]. These
properties of the system led to an increased interest in post-tensioned
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timber connections in regions characterized by moderate seismicity. At
ETH Zurich, the connection was adapted for the European construction
market, with a particular focus on Central Europe [19]. Only the frame
system, characterized by the flexibility in layout and field of appli-
cation, was considered. The beam–column connection was reinforced
with hardwood ash glulam to avoid excessive deformations of timber in
the columns, which are compressed perpendicularly to the grains. The
only steel element in the connection was the post-tensioning tendon.
Extensive experimental and theoretical investigations of the connec-
tion were conducted with a goal to describe the moment–rotation
relationship for the beam–column connection [20]. A one-story full-
scale three-bay frame was tested under horizontal load to prove the
ability of the system to accommodate lateral loads [21]. The study
supported the design of the ETH House of Natural Resources at the
Hönggerberg campus of ETH Zurich, Switzerland, which adopts the
proposed post-tensioned timber frame solution as the load resisting
system [22].

In order to expand the field of application of the given system,
further development aimed at increasing the lateral stiffness of the
frame was undertaken. This was done by replacing column base pinned
connections with semi-rigid connections based on glued-in steel rods.
Noteworthy, the proposed system is not suitable for highly seismic
regions, where the seismic actions are likely to guide the structural
design and may lead to the undesirable occurrence of plastic hinges
at the bases of the columns. However, the increased stiffness of the
column bases is beneficial for the performance of the system subjected
to the wind loads, which is the dominant horizontal loading in regions
characterized by moderate seismicity.

Scope. The moment–rotation relationship of both beam–column and
column base connections were characterized on previous component-
level experiments conducted by the same research group and docu-
mented in [20,21,23]. Building upon these previous studies, this work
presents (i) the hybrid simulation (HS) of the seismic response of
two-story two-bay 1:2 scale post-tensioned timber frame [24], (ii) a
newly conceived analytical model of the beam–column connection,
and (iii) the experimental validation of the analytical models of both
beam–column and column base connections.

Since the aim is to support performance-based design of post-
tensioned frame, a phenomenological approach to modeling is pursued
in line with the work of [10,11,14,20,21] instead of refined finite-
element modeling approach as the one presented in [12]. Compared
to the beam–column connection model of [10,11,14], which uses mono-
lithic beam analogy, the proposed connection model utilizes the modulus
of subgrade reaction to compute the stiffness of the contact zone
between beam and column. More precisely, the compressive stiffness of
the beam–column interface is computed following a stiff foundation on
elastic soil model, where the stiff foundation represents the beam while
the elastic soil represents the column, as originally proposed in [20,21].
The resulting moment–rotation relationship is nonlinear elastic, that
is, without hysteresis. The reason for this choice is that the structural
damage caused by the target seismic hazard is negligible. The main
advantage of our analytical model compared to [10,11,14] is that the
stiffness values of all springs are computed from the parameters of
the connection using analytical expressions without requiring specific
experimental calibration. Compared to the beam–column connection
model of [20,21], the proposed model is characterized by an explicit
moment–rotation relationship, which does not require iterative solution
procedures for structural response analysis. Also, the rotational stiffness
of each spring of the connection model is valid for structural response
analysis to both horizontal and vertical loads. As a result, the model
is suitable for analyzing load cases with both horizontal and vertical
loading in the design phase without specific experimental validation.

Noteworthy, the majority of the reviewed studies focuses on beam–
column connections. Column-base connections are either hinged [10,
11], rocking [14], not considered [20,21] or isolated from the re-
2

maining structural system [23]. To the authors’ knowledge, this is the
Fig. 1. Post-tensioned beam–column connection.

first experimental campaign that targets the system-level response of
a post-tensioned timber frame solution for regions characterized by
low-to-moderate seismicity.

The comparison between numerical modeling and experimental
testing demonstrates that the proposed models can predict the struc-
tural response of the post-tensioned timber frame with a fairly good
degree of accuracy. Noteworthy, the predictive performance of the pro-
posed modeling approach is assessed using nominal parameter values,
which are not adjusted to increase matching with experimental results.
Therefore, the proposed modeling approach is suitable for being used
in the design phase.

This paper is organized as follows. The main principles of the
structural behavior of the frame system are explained in Section 2.
The experimental campaign is described in Section 3. The numerical
model of the structure is presented in Section 4, focusing on the model
validation against HS results. Conclusions are reported in Section 5.

2. Post-tensioned timber frame

Post-tensioned timber frame is a construction technology that uses
semi-rigid beam–column connections. Typically, the lateral stiffness
of the frame provided by the beam–column connections is sufficient
for low-rise buildings. However, it can be increased by introducing
moment-resisting column base connections with glued-in steel rods,
resulting in a system suitable for mid-rise buildings. Beam–column
and column base connections are characterized by different nonlinear
response regimes. While the post-tensioned beam–column connection
is characterized by an elastic nonlinear response regime until failure,
permanent deformation occurs in the moment-resisting base connection
with glued-in steel rods. For this reason, it is important to consider both
response mechanisms in design and only allow permanent deformations
at the column bases.

2.1. Post-tensioned beam–column connection

The post-tensioned beam–column connection is connected by a
single straight steel tendon placed along the beam centerline, as shown
in Fig. 1.

The column is reinforced with hardwood in the connection region,
resulting in a connection free of any additional steel elements. The
timber product used for the hardwood reinforcement is ash glulam.
The design of the prototype structure showed that a more economical
solution is obtained if the hardwood reinforcement is extended to
the full length of the columns [25,26]. The further benefit of such
solution reflects in a decrease in lateral displacement, resulting from the
different modulus of elasticity of softwood and hardwood glulam. The
beams are produced of softwood glulam. A round hole along the beam
centerline and in the middle column is considered in the production of
the timber elements. An oval hole is planned in the outer columns to

allow for sufficient space to anchor the tendons. In this application,
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Fig. 2. Stress distribution after decompression at a post-tensioned beam–column
connection subjected to symmetrical loads (left) and non-symmetrical loads (right) [27].

tendons and anchors used for post-tensioned concrete structures are
used. Post-tensioning force provides moment resistance and shear force
capacity to the connection. The design of the proposed beam–column
connection is done assuming that friction activated by post-tensioning
force carries the entire shear force. As a consequence, the tested timber
frame is not provided with shear keys. The bending moment resistance
of the beam–column connection relies on the tensile force in the steel
tendon and the compression on the contact between the beam and the
column. A sufficient lever arm between these two forces can only be
achieved with large depths of the beam section. Prior to gap opening
the moment–rotation response characterizing the beam–column con-
nection is linear. After gap opening, there is a partial decompression
of the contact zone and rotation concentrates at the beam–column
interface. The stiffness of the connection gradually decreases with a
decrease in the neutral axis depth. The resulting nonlinearity is purely
related to the reduction of the contact area and not to damage of the
connection. As a result, the connection returns to the initial position
upon the load removal. The increase of post-tensioning force following
tendon elongation represents an additional source of nonlinearity when
relative beam–column rotations are large. However, the effect of the
latter is not appreciable in the investigated structural response range.

The design of the beam–column connection is performed to limit
pressure in the contact zone. In addition, timber is very ductile in the
direction orthogonal to the grains. It follows that failure due to prema-
ture crushing is not of concern. Such assumption has been empirically
verified by disassembling and examining all beam–column connections
after the experimental campaigns described in [20,21] and confirmed
by the present study.

The rotations at the beam–column interfaces are sufficient to de-
scribe the connection response to symmetrical moments. However,
shear deformation is also present in the column for non-symmetrically
loaded connections [28]. In this regard, Fig. 2 depicts the stress dis-
tribution after decompression at post-tensioned timber connections for
non-symmetric loading. The resulting non-symmetrical forces at the
sides of the connection produce shear deformation in the column. More
details about the connection behavior are provided in Section 4.

2.2. Moment-resisting column base connection

The moment-resisting column base connection utilizes glued-in steel
rods to increase rotational stiffness and moment capacity, as shown in
Fig. 3.

The moment capacity of the connection is provided by the steel
rods and the timber in the contact area. The steel rods withstand
both tensile and compressive forces, whereas the contact between the
timber in the column and the base plate transfer compression forces
only. Also, steel rods are designed to carry the entire shear force. The
connection behavior is linear until the yielding of steel rods. After
the onset of yielding, the neutral axis moves to the compressed edge
of the column section, and hardening is observed in the moment–
rotation relationship. The plastic deformation of the steel rods leads
3

to an increase in the column uplift for large lateral displacements, a
Fig. 3. Moment-resisting connection with glued-in steel rods.

ultimately leading to the buckling of the rods in compression and loss
of the connection capacity.

The seismic performance of column base connection with glued-
in steel rods is highly dependent on the type of timber. The study
of Ogrizovic et al. [29] compares the cyclic response of a column
base connection with glued-in steel rods for different types of timber.
Specifically, the study considers both hardwood (ash and beech) and
softwood (spruce) whereas the geometry of the connection is fixed.
The main finding of the study is that hardwood-based connections
are characterized by a regular hysteretic response with wide loops
whereas softwood-based connections are characterized by a pinched
and irregular hysteretic response with narrow loops. Accordingly, the
exploitation of column base connections with glued-in steel rods in
regions with high seismicity requires a further optimization accounting
for the mechanical properties of the specific type of timber utilized.

3. Experimental campaign and main results

In order to investigate the seismic behavior of both the beam–
column and the column base connections and validate their mechanical
models, a two-story post-tensioned timber frame was conceived and
tested using HS.

3.1. Two-story frame case study

The two-story frame is based on softwood glulam GL24h beams,
and ash hardwood glulam GL48 columns, whose characteristic tensile
strength in the direction parallel to the grain 𝑓𝑡,0,𝑘 are 24 N/mm2 and
48 N/mm2, respectively [30]. The dimensions of the frame elements
resemble those of the post-tensioned timber frames in the House of Nat-
ural Resources, an office building located at the Hönggerberg campus
of ETH Zurich, Switzerland, reproduced at 1:2 scale. A comprehensive
description of the House of Natural Resources is reported in [25],
including the main dimensions of structural members. Different from
the original frame, whose columns are hinged at the base, the conceived
test case is characterized by columns fixed at the base by means of
glued-in steel rods. Furthermore, the frame in the reduced scale consists
of only two, instead of three bays and the cross-sections are slightly
adjusted to ensure the opening of beam–column connections before
the yielding of glued-in steel rods at column bases. Fig. 4 reports a
chematic of the tested specimen.

Beams and columns are connected only by post-tensioned steel ten-
ons positioned along the centerline of each beam, placing two tendons
ith an ultimate strength of 1860 MPa and an area of 150 mm2 inside
f each beam. The post-tensioned tendons are anchored at the external
olumns, distributing the compressive stresses with steel plates. The
ost-tensioning force 𝑃 of 175 kN is tuned to achieve compressive
tress of 2.5 MPa at the beam–column interfaces. However, in order to
ompensate for the drop of post-tensioning force due to creep defor-
ation [31], post-tensioning force is increased to 200 kN. In order to

void post-tensioning force drop at one story while post-tensioning the
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Fig. 4. Schematic representation of the case study, dimensions in [mm]. 𝑃 = 175 kN, 𝑉 = 40 kN.
Fig. 5. Finite-element model of the frame at 1:2 scale as tested; 𝑘1 = 8.1 MNm/rad,
2 = 7.6 MNm/rad, 𝑚1 = 5 ton, 𝑚2 = 10 ton, 𝑃 = 175 kN, 𝑉 = 40 kN.

ther, post-tensioning force is applied in three steps. Firstly, the tendons
f the first story are post-tensioned to 100 kN. Then, the tendons of
he second story are post-tensioned to 200 kN. In the last step, the
endon force at the first story is increased to 200 kN. Noteworthy, the
ielding moment of the beam–column connection (≈20 kN m) is much
maller than the characteristic bending moment resistance of column
≈100 kN m) and beam (≈120 kN m) members. It follows that the beam–
olumn connection acts as a weak link and the proposed structural
ystem is safe against strong-beam-weak-column response mechanisms.

The frame is anchored to the strong floor using large steel plates
ixed to column base with glued-in steel rods. Each column base con-
ection comprises 8 metric rods M16 with steel grade 4.8 [32]. The
lued-in length is 320 mm and an unbonded length of 80 mm to provide
oom for the development of plastic deformations in the rods to ensure
ductile failure mode by yielding steel. The spacing between rods is

0–70 mm, while the distance between rods and the edge of the column
ase footprint is 45 mm.

The frame is subjected to both vertical gravity loading and lateral
eismic excitation, represented by a scaled ground motion record. In
rder to preserve both the natural frequencies and the stress levels
f the structure at full-scale, seismic masses are scaled by a factor 𝑆,

whereas gravity loads are scaled by a factor 𝑆2, where 𝑆 = 2 is the
geometrical scaling factor. As a result, the first two vibration periods of
the frame are 𝑇1 = 0.43 s and 𝑇2 = 0.11 s. Noteworthy, seismic masses
are not physically installed on the specimen but simulated numerically
in the hybrid model, as described in the following section.

In order to compute the seismic input for the experimental cam-
paign, a finite-element model of the two-story frame at 1:2 scale was
implemented in OpenSees [33]. Fig. 5 provides a schematic of the
OpenSeen model with values of mass, stiffness and gravity loading
4

parameters.
Table 1
Measuring equipment.

Label Measured quantity

LVDT devices:
b11 - b42 Relative displacement at the beam–column interface
c11 - c32 Vertical displacement at the column bases

Laser devices:
L1, L2 Lateral displacements at the beam levels

Inclinometers:
i1 - i3 In-plane rotation at the column base

Load cells:
LCF1, LCF2 Force in the hydraulic actuators
LCPT1, LCPT2 Force in the post-tensioning tendon
LCV11,V12 - LCV41,V42 Force in the vertical threaded rods

Other devices:
NDI 1, NDI 2 Deformations in the beam-column connection

Based on a preliminary pushover analysis of the OpenSees model,
it was estimated that beam–column connections open at roof drifts
below 0.5% while steel rods at column bases yield at roof drifts below
1.5%. Accordingly, these two values were associated with Elastic and
Ultimate Limit States threshold roof drifts (ELS and ULS, respectively)
and used to compute the seismic input for HS. Specifically, based on
nonlinear time history analyses of the OpenSees model, the North–
South component of the ground motion record of the Montenegro
earthquake (1979) taken from the Hotel Olivia station [34] was scaled
to PGA values of 0.818 m∕s2 (ELS) and 1.841 m∕s2 (ULS). According the
SIA 261 Swiss design code [35], ULS correspond to seismic hazards
with a probability of exceedance of 10% in 50 years (return period
of 475 years). However, as can be appreciated from Fig. 6(a), which
compares the elastic acceleration response spectra of the scaled seismic
records to the ULS spectrum computed with the SIA 261 Swiss design
code (Zone 1, soil type C) divided by 𝑆 = 2 [35], the selected seismic
input is not consistent with the seismic hazard of the site. The reason
is that, given the low seismicity of the region, the original design was
over-conservative with respect to seismic loading.

3.2. Hybrid simulation setup

The seismic response of the post-tensioned timber frame was eval-
uated using the HS method [24]. Fig. 7 provides an overview of the
HS setup, including locations of servo-hydraulic actuators, sensors, and
a block diagram of the HS framework architecture, while Fig. 8 illus-
trates the experimental installation at the Laboratory of Experimental
Research of the Institute of Structural Engineering of ETH Zurich. The

measured quantities are explained in Table 1.



Engineering Structures 265 (2022) 114415J. Ogrizovic et al.
Fig. 6. Seismic input for HS: (a) acceleration response spectra for 3.5% damping; (b) ground motion record of the Montenegro earthquake (1979) scaled to PGA = 1.841 m∕s2

(ULS accelerogram).
Fig. 7. Experimental setup with block diagram of the HS framework.
Fig. 8. Test specimen in the structural laboratory of ETH Zurich. (a) Experimental setup (b) Vertical load. (c) Lateral load.
Linear variable displacement transducers (LVDTs) were used to
measure relative rotations of beam–column connections and absolute
rotations of column bases. As can be observed in Fig. 7, four beam–
column connections were additionally instrumented with light-emitting
diodes for motion capture (frames NDI1 and NDI2), which was per-
formed using the Optotrak Certus® system produced by Northern Dig-
ital Inc. According to Fig. 8(b), a loading system made of two M13
threaded rods (one per side of each beam) fixed to a steel plate was
used to impose a downward vertical load of 40 kN at each span
of the frame. Forces in threaded bars were monitored using force
transducers during both vertical load application and testing phases to
prevent parasitic torsional loads. In order to minimize friction, a Teflon
sheet was interposed between each steel plate and the corresponding
5

beam. In order to measure post-tensioning forces, force transducers
were installed between each tendon cap and the corresponding steel
reaction plate. Two servo-controlled hydraulic actuators characterized
by ±200 kN force capacity and ±100 mm stroke were used to control
the horizontal displacements at the story levels. A specific connection
system made of steel rods and steel profiles was designed to engage
each beam–column joint to transfer the actuator force to the beam
centerline, as shown in Fig. 8(c). In order to compensate for the back-
slash of actuator clevises, which was detected in the preliminary phase
of the experimental campaign, the actuator positions were controlled
using the feedback from external laser displacement sensors. The HS
software was implemented as a Simulink model [36] and executed
by an INDEL real-time system, which was interfaced with the INOVA
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Fig. 9. Top-story displacement vs. total base shear: (a) ELS, (b) ULS.
control system via EtherCAT. In principle, at each time step of the HS,
actuator commands are computed and imposed to the timber frame
specimen. The HS software solves the equation of motion of the hybrid
model, which comprises the seismic loading and the reaction forces
measured from the actuators. Before each test, vertical loading was
applied while actuator positions were adjusted to ensure zero initial
lateral forces. All HSs were performed in the pseudodynamic regime
with a testing time scale equal to 400.

The mass matrix 𝐦 of the hybrid model was obtained by condensing
the mass matrix of the OpenSees model reported in Fig. 5 to the two
horizontal displacement DoFs corresponding to story levels, namely 𝑢1
(lower floor) and 𝑢2 (upper floor). The initial tangent stiffness matrix 𝐤
of the frame was estimated based on low-amplitude cyclic tests.

𝐦 =
[

16.46 1.78
1.78 18.57

]

× 103[kg] , 𝐤 =
[

34.99 −19.00
−19.00 15.82

]

× 106 [N∕m] (1)

An equivalent viscous damping of 3.5% was identified for both the
eigenmodes of the hybrid model based on a preliminary low-amplitude
HS experiment performed after scaling the accelerogram to a PGA
= 0.0818 m∕s2. Accordingly, in line with the approach proposed by
Molina and co-workers [37], no numerical damping was included in
the hybrid model. A detailed description of the HS software utilized
for this experiment can be found in [38].

3.3. Testing program and main results

Three HSs were performed approximately 30 days after the ap-
plication of the tendon forces. Within this period, the tendon force
dropped to 175 kN, as expected. One HS was performed considering
the ELS ground motion, whereas the remaining two were performed
considering the ULS ground motion. The structural response produced
by the ELS ground motion was linear elastic while the structural
response produced by the two ULS accelerograms, namely main- and
aftershock ULS ground motions, was nonlinear elastic. Accordingly, the
damage observed on the frame at the end of the experimental campaign
was negligible.

Fig. 9 compares lateral displacement of the second story vs. total
base shear curves obtained with ELS and ULS ground motions. As can
be appreciated, the structural response remained in the linear elastic
regime during the ELS experiment. A nonlinear response character-
ized by residual displacements and hysteretic energy dissipation was
observed during ULS experiments. In the latter case, the structural
response observed for main- and aftershock experiments was quite
similar. A 7% reduction of maximum base shear together with an
asymmetric variation of roof displacement (+4% for positive direction,
−12% for negative direction) was observed. The energy dissipation for
the aftershock was slightly reduced in comparison to the mainshock,
but the permanent deformations of the system were in a similar range
for the two events.
6

Fig. 10 compares roof displacement vs. tendon force response curves
measured during main- and aftershock ULS experiments. The increase
of tendon forces 𝑃1 and 𝑃2 with respect to the initial state of the
unloaded frame is related to the elongation of the tendons, indicating
the gap opening at the beam–column connections of both story levels.
The lack of symmetry of response curves can be explained by the
fact that, instead of being uniformly distributed over the span, seismic
loading was introduced from one side by means of the two actuators.
Positive displacements induced a tensile force within beams of both
story levels, whereas negative displacements induced a compressive
one, which reflected on the force in the related tendon. In addition,
a progressive reduction of the tendon force was observed between ULS
main- and aftershocks. This can be explained by ascribed to the overall
stress redistribution following the cyclic structural response.

Fig. 11 depicts two post-tensioned connections located at the in-
tersection between the first-story level with the mid column and the
rightmost column (opposite to the actuators), and the column base
connection of the same rightmost column. Pictures are taken at the
end of the experimental campaign. A small residual gap related to
the residual deformation of the column can be observed. In addition,
one can notice an appreciable vertical offset of the beam axis with
respect to the center of the connection, which suggests that relative
vertical displacements should be restrained using, for example, shear
keys. Fig. 11(c) shows the column base connection. A small residual
rotation due to the yielding of glued-in steel rods can be noticed.

Fig. 12 reports relative rotations measured at the beam–column
interfaces of the end column. As can be appreciated, similar trends are
observed for both main- and aftershock ULS experiments. Fig. 13(a)
depicts the rotations due to shear in an external column for ULS
while the rotations at the base of an external column are presented in
Fig. 13(b). The difference in the behavior of between post-tensioned
beam–column connections and base connections with glued-in steel
rods at large deformations is clearly observable. The base connections
with glued-in steel rods are capable of energy dissipation, as indi-
cated by the hysteretic loops. However, both stiffness and strength of
the base connection do not deteriorate, as the connection responses
corresponding to ULS mainshock and aftershock are very similar.

4. Numerical modeling and validation

In order to support design of the proposed post-tensioned timber
frame, the nonlinear finite-element model presented in Section 4.1 was
developed. Model validation conducted against the results of the HS
campaign described in Section 3 is reported in Section 4.2.

4.1. Finite-element model of the frame

The finite-element model of the tested frame was implemented in

OpenSees [33]. OpenSees is an open-source nonlinear finite-element
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Fig. 10. Top-story displacement vs. tendon force: (a) First story, (b) Second story.

Fig. 11. Connections after the experiment: (a) Beam–column connection, mid column. (b) Beam–column connection, end column. (c) Column base connection, end column.

Fig. 12. Rotation at the beam–column interface, end column: (a) First story. (b) Second story.

Fig. 13. Rotations of the moment-resisting connections: (a) Rotation due to the shear in the column. (b) Column base rotation.
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Fig. 14. Schematic representation of the numerical model of the post-tensioned timber frame.
c
r
b

𝜃

Table 2
Material and cross-section properties.

Element 𝑏 × ℎ 𝐸𝑐,0 𝐸𝑐,90 𝐺𝑐
[m] [GPa] [GPa] [GPa]

Beams 0.16 × 0.44 11 – –
Columns 0.16 × 0.28 13 1 0.8

framework for seismic analysis of structures that allows for implement-
ing customized material and element models. Since beam and column
elements of the tested frame experienced linear elastic response, the
finite-element model was characterized by linear elastic beam and
column elements while lumped plasticity models were used for con-
nections. The flexural stiffness of the beam elements in the connection
region is increased by a factor of 1000. Fig. 14 provides a schematic
representation of the finite-element model and the indication of output
response quantities. Table 2 reports cross-section widths 𝑏 and depths
ℎ, Young modulus parallel (𝐸𝑐,0) and orthogonal (𝐸𝑐,90) to grains, and
shear modulus (𝐺𝑐) for both beam and column elements. In detail,
𝜃𝐺𝐴,∙ indicate rotations due to the shear deformation in the columns,
𝜃∙ indicate relative beam–column rotations, 𝜃𝑏,∙ indicate column base
rotations and 𝑉𝑏,∙ indicate base shear forces.

Beam–column connections are discretized using rotational springs
implemented as zeroLength elements. Each rotational spring is de-
fined between two nodes of same coordinates. Translation degrees-of-
freedom of such nodes are constrained using master–slave equations.
The uniAxial material model associated with each rotational spring
incorporates the moment–rotation relationship. Specifically, a linear
moment–rotation relationship is used for shear rotation while a non-
linear moment–rotation relationship is implemented for beam–column
interfaces.

The linear relationship between the rotation due to the shear defor-
mation in the column and the moment acting on the connection reads,

𝑀 = 𝐺𝑐 ⋅ 𝐴𝑐 ⋅ ℎ𝑏 ⋅ 𝜃𝐺𝐴 (2)

where 𝐴𝑐 is the area of the column cross-section while ℎ𝑏 is the depth
of the beam cross-section.

The moment–rotation relationship at the beam–column interface
is based on the analytical model proposed by Wanninger [20]. Since
the column is loaded orthogonal to the grains and the beam is loaded
parallel to the grains and the Young modulus parallel to the grains is
much larger than the one in the orthogonal direction, the connection is
assimilated to a Winkler rigid foundation (the beam) on elastic soil (the
column). The expression of the modulus of subgrade reaction 𝑐, which
8

is the main parameter defining the connection behavior [20], reads,

𝑐 =
2 ⋅ 𝐸𝑐,90

ℎ𝑐
(3)

where ℎ𝑐 is the column cross-section depth. Neutral axis depth, maxi-
mum compressive stresses at the beam–column interface, tendon force,
and bending moment, can be represented as a function of the rotation
imposed at the beam–column interface. Accordingly, rotation is suf-
ficient to describe the state of the connection. The moment–rotation
behavior is linear until decompression, with rotational stiffness of the
connection independent from the post-tensioning force, for compres-
sive stresses at the beam–column interface smaller than of 2.5 MPa.
The linear relationship between the moment and the rotation at the
beam–column interfaces reads,

𝑀 = 𝑐 ⋅ 𝐼𝑏 ⋅ 𝜃 (4)

where 𝐼𝑏 is the moment of inertia of the beam. The rotation at de-
ompression 𝜃𝑑𝑒𝑐 , which defines the onset of the nonlinear moment–
otation relationship, depends on the compressive force acting on the
eam–column interface [20,21],

𝑑𝑒𝑐 =
2 ⋅

(

𝑃0 +𝑁𝑒𝑥𝑡
)

𝑐 ⋅ 𝑏𝑏 ⋅ ℎ2𝑏
(5)

where 𝑃0 is the initial post-tensioning force, while 𝑏𝑏 and ℎ𝑏 are the
beam cross-section width and depth, respectively. After decompression,
the contact area at the beam–column interface decreases, the gap
between column and beams increases, and the tendon force increases
due to the tendon elongation. The depth of the beam neutral axis 𝑥,
which corresponds to the depth of the compressive stress block, is the
positive root of the following expression,

𝜃 ⋅ 𝑐 ⋅ 𝑏𝑏
2

⋅𝑥2+
𝐴𝑝 ⋅ 𝐸𝑝

𝐿𝑝
⋅𝜃 ⋅𝑥−𝑃0−

𝐴𝑝 ⋅ 𝐸𝑝

𝐿𝑝
⋅
(

𝑃0 +𝑁𝑒𝑥𝑡
𝑏𝑏 ⋅ ℎ𝑏 ⋅ 𝑐

+ 𝜃 ⋅
ℎ𝑏
2

)

−𝑁𝑒𝑥𝑡 = 0

(6)

where 𝐴𝑝 is the tendon cross-section area, 𝐸𝑝 is the elastic modulus of
the tendon, and 𝐿𝑝 is the tendon length corresponding to one beam–
column interface. Based on the neutral axis depth, a tendon force for a
given rotation is obtained as,

𝑃 = 𝑃0 + 𝛥𝑃 = 𝑃0 +
𝐴𝑝 ⋅ 𝐸𝑝

𝐿𝑝
⋅
(

𝑃0 +𝑁𝑒𝑥𝑡
𝑏𝑏 ⋅ ℎ𝑏 ⋅ 𝑐

− 𝜃 ⋅ 𝑥 + 𝜃 ⋅
ℎ𝑏
2

)

(7)

(6) and (7) are based on the assumption that the tendon elongation
is equally distributed over a length 𝐿𝑝, corresponding to a half of the
bay length. The expressions of maximum compressive stresses at the
beam–column interface 𝜎 and bending moment 𝑀 for the given
𝑚𝑎𝑥
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Fig. 15. Axial forces in the beams for the maximum lateral load applied in the
experiments. The values are given in [kN].

Fig. 16. Moment–rotation relationship for the post-tensioned beam–column connection
or 𝑁𝑒𝑥𝑡 = 80 kN.

otation at the beam–column interface are obtained based on the Navier
ypothesis of linear stress distribution,

𝑚𝑎𝑥 =
2 ⋅

(

𝑃 +𝑁𝑒𝑥𝑡
)

𝑥 ⋅ 𝑏𝑏
(8)

𝑀 =
(

𝑃 +𝑁𝑒𝑥𝑡
)

⋅
(

ℎ𝑏
2

− 𝑥
3

)

(9)

here 𝑁𝑒𝑥𝑡 is the axial force in the beam. In the numerical model of
he two-story two-bay frame, the post-tensioning force of each beam–
olumn connection is set as a constant parameter according to Fig. 15.
oteworthy, when the tendon force estimated using (7) reaches 70%
f the tendon capacity, the connection fails and bending moment

of (9) is set to 0. However, the response regime explored with
xperiments and numerical simulations is far from tendon failure. The
esulting analytical model can be solved avoiding iterative procedures
s described in [39]. For the sake of example, the nonlinear moment–
otation relationship for the beam–column connection with axial force
𝑒𝑥𝑡 = 80 kN, is presented in Fig. 16.

In a real frame subjected to seismic loading, axial forces in beams
re not constant. Also, columns may experience permanent deformation
t the interface with beams due to compressive load perpendicular to
he grains. Therefore, the proposed analytical model is only a sim-
lification, as it assumes a constant axial force within beams and
eglects column crushing. However, as demonstrated in the following,
t predicts the structural response of the tested frame with a fairly good
egree of accuracy.

Column base connections are represented by a fiber-based beam
lement of 0.4 m length, which corresponds to the length of the
hreaded rods. Each threaded glued-in steel rod is discretized with

fiber of 157 mm2 area associated with a uni-axial elasto-plastic
aterial constitutive model. Steel yield strength of 350 MPa, Young
odulus of 120 GPa and hardening ratio of 3% were determined from
9

ensile tests on single steel rods performed in a previous experimental f
ampaign [23]. Timber fibers are modeled with an elastic-perfectly
lastic material with a modulus of elasticity of 13 GPa, with zero tensile
trength.

.2. Model validation against experiments

The following discussion is limited to two connections only. Further
nformation can be found in the Doctoral Thesis of Ogrizovic [39].

In the first step of the numerical analysis, the vertical loads are ap-
lied at the middle of each beam, and the obtained structural response
s defined to be the initial step of the time history analysis. In the second
tep of the numerical analysis, the experimentally measured actuator
isplacements at both story levels are applied to the numerical model,
nd a displacement-controlled nonlinear static analysis is performed.
he experimentally obtained results are compared with the results of
he analyses conducted on the numerical model. The comparison at the
LS level is made only for the global structural response, expressed in
erms of the total base shear 𝑉𝑏 = 𝑉𝑏,1 + 𝑉𝑏,2 + 𝑉𝑏,3, which corresponds
o the sum of the horizontal restoring forces imposed by the actuators,
nd the top story displacement 𝑢2. The comparison at the ULS level
ncludes the tendon forces 𝑃1 add 𝑃2, as well as and the rotations of
he connections.

The relationship between the total base shear and the roof displace-
ent for the ground motion scaled to the intensity levels of ELS and
LS is reported in Fig. 17. Fig. 17(a) shows that the lateral stiffness of

he structure is very well estimated by the numerical model. Fig. 17(b)
ndicates that the capacity of the structure is also appropriately esti-
ated. Furthermore, the model captures the difference in the structural

esponse for the cases of tensile and compressive forces in the beams.
Fig. 18 compares experimental and numerical tendon forces. The

xperimental tendon forces were measured with load cells, while the
orresponding numerical predictions were computed from the rotations
t the beam–column interfaces as discussed in Section 4.1. Noteworthy,
he proposed model assumes that the tendon elongation at the given
eam–column interface is distributed over half of the bay length. How-
ver, in reality, the total elongation of the tendon is distributed over
he total length of the tendon. Therefore, the numerical estimate of the
endon force is obtained by averaging the tendon forces that correspond
o all beam–column connections at the given level, according to the
nalytical model. The comparison is made for the ground motion scaled
o the intensity level of ULS, as the changes in the tendon force
re minor at ELS since the gap opening is limited. The increase in
he tendon force is more pronounced on the first story, where larger
otations at the beam–column interfaces take place according to Fig. 19.
he influence of external axial forces in the beams is more pronounced
t the second story, where the imposed loads are also larger according
o Fig. 15.

The presented results show that the influence of the external axial
orces in the beams was physically present in the experiment and ob-
ervable in the results of the numerical analyses. Only constant external
orces representing the maximum experimentally obtained values were
odeled herein, while in reality, these forces are dependent on the

ateral load imposed on the system.
The rotations at the beam–column connections and the column

ases are represented as a function of the roof displacement for the
imulation using the ground motion scaled to the ULS intensity. The
ocal behavior of the post-tensioned connections in the external column
s presented in Fig. 19. The response of the post-tensioned connections
s nonlinear elastic, with negligible energy dissipation. The numerical
stimate describes the rotations very well in the range of positive
isplacements. The rotation 𝜃1 is overestimated for the large negative
isplacements. Such an overestimate in rotation at the beam–column
nterface would also result in the larger value of the tendon force, as
bserved in Fig. 18.

The rotations in the external column induced by the shear de-

ormation in the connection regions are given in Fig. 20, where the
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Fig. 17. Global structural behavior — total base shear vs. top-story displacement. (a) ELS. (b) ULS mainshock.
Fig. 18. Global structural behavior — tendon force vs. top-story displacement. ULS mainshock.
Fig. 19. Local structural behavior — rotations at the beam–column interfaces vs. top-story displacement. ULS mainshock.
experimentally measured rotations are compared with the results of
the numerical analysis. The numerical model adequately represents
the column rotations resulting from shear deformation. Small negative
rotations for zero lateral displacement indicate shear deformation in
the columns due to the vertical loads. This deformation is present
because of the moment developed in the external columns, caused by
the vertical loads.

The comparison between the experimentally and numerically as-
sessed base rotations at the external column is presented in Fig. 21.
The numerical model underestimates the relative rotations in the con-
nection by 39% for positive and 45% for negative displacements, based
on the comparisons at the ELS level in Fig. 21(a). However, these
discrepancies do not present an obstacle for the assessment of the global
structural behavior of the frame.
10
5. Conclusions

An experimental campaign based on hybrid simulation was per-
formed on a two-story two-bay scaled frame to assess the structural
performance of a post-tensioned timber structural system. Such a struc-
tural system was conceived for mid-rise buildings located in regions
of low to moderate seismicity, such as central Europe. Compared to
previous variants tailored to regions with high seismicity, additional
lateral stiffness was achieved by introducing a semi-rigid connection
with glued-in steel rods at the column bases.

An almost-elastic nonlinear response regime was observed for both
main- and aftershock ultimate limit state experiments. Beams and
columns remained in the elastic response regime, whereas nonlinearity
concentrated in both beam–column and column base connections. In
detail, gap opening was observed at the interface of beam–column
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Fig. 20. Local structural behavior — rotations due to shear deformation in the columns vs. top-story displacement. ULS mainshock.
Fig. 21. Local structural behavior — rotations at the column base vs. top-story displacement. (a) ELS. (b) ULS mainshock.
connections while small plastic deformations affected steel rods of
column base connections. Based on experimental results, a numerical
model of the post-tensioned frame was developed and validated.

It is concluded that the proposed post-tensioned timber frame is
suitable for regions with low to moderate seismicity. The proposed
numerical model provides a fairly accurate response prediction of the
structural response using nominal parameter values and, therefore, it
is suitable to be used for design purposes.
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